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Introduction

An outdoorsman’s paradise – it could be a clear day spent on a lake
abundant with fish. Driving slowly through a bay, so as not to disturb the fish,
the fisherman sets out on his excursion early in the morning. It is still so early
that steam is rising from the lake, as the air is still cooler than the water,
creating a dream-like haze as far as he can see. Could anything spoil this
fisherman’s joy? Suddenly, his slow cruise down the shore is not so smooth; his
propeller has choked on something and his boat begins to wrench forward and
then stop repeatedly. He hits the kill switch to stop the motor and then climbs
to the back of the boat to check what debris has caught his propeller. As he
lifts it up, he finds a mass of weeds tangled and twisted. He pulls them off in
clumps, unraveling pounds of slimy, but tough stalks of weed after weed.
Continuing on his excursion, the man has to stop and repeat this process many
more times before reaching his destination; he is able to see tall and thick beds
of these weeds beneath him as he drives, but he is unable to avoid them
without moving to the deep part of the lake.
This man has memories of fishing on this lake since his childhood, and
rarely recalls any encounters with such thick beds of weeds, or even noticing
weeds at all. He is fishing on Lake Winnebago in Wisconsin, one of the best
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fishing lakes in the country for some species of fish such as walleye. Over the
course of the summer he notices several local news reports and articles
addressing citizens’ complaints of this nuisance growth. None of these accounts
can answer why this has occurred, when the lake had previously supported so
little plant growth. The fisherman knows weeds are essential to support some
fish spawning and also provide food for some species, but he wonders why
there has been such a change, when plenty of fish have always thrived in this
lake, even with minimal plant growth.

Purpose of this Study
This study was motivated by a community response to the recent
increase in aquatic plant growth in the Lake Winnebago system. Several news
accounts describe recreational boaters and fishermen being upset by weed
growth, as dense stands of some weeds in the shallow areas of Lake Winnebago
impede boat propellers. Prior to 2008, weeds were very sparse in Lake
Winnebago. However, since then, weeds have grown in great abundances with
no obvious causal change to the system. Therefore, the goal of this project was
the documentation of the current status of weed growth, as well as the factors
that influence growth such as light penetration and algal abundances. Very few

2

studies precede this investigation making these baseline data of the recent
growth very important for subsequent studies.
The data from this study may be used for management applications as
well as a starting point for further study. In plant ecological studies, it is
important to have a thorough understanding of community structure and the
driving factors that determine the specific growth pattern. Submerged aquatic
plants in Lake Winnebago were identified to the species level, with abundances
measured as both total abundance and species-specific levels. Chlorophyll
samples from the study areas were taken as a measurement of phytoplankton
abundances. Water clarity was measured as Secchi depth, and light penetration
was determined using a light meter.

Shallow Lake Ecology
Lake Winnebago is a shallow lake, especially for its size. It has an average
depth of 4.7 m, and a maximum depth of 6.4 m; it is 55,700 ha in area and 48
km long and 16 km wide (Folz, 1989). The ecology of shallow lakes is unique to
each lake; each ecological equilibrium is dependent upon the specific suite of
biotic and abiotic conditions and physiological factors distinct to that body of
water. The dynamics of each lake are attributable to many controlling factors.
These factors include: depth, turbidity, water clarity, fetch, nutrient

3

concentrations, water temperature, as well as many others. Some of these
factors depend on outside influences such as wind and nutrient load. As a result
of each set of these factors, inland shallow lakes fall into two alternative stable
states: plant-dominated and phytoplankton algal-dominated equilibria (Wetzel,
2001). As phytoplankton and macrophytes compete for light and nutrients
necessary for growth, they alternate in dominance. Therefore, the stable state
of a lake may alternate between plant-dominated and algal-dominated.
The basin, that is, the bottom sediments of a lake, can be divided into
two zones: the littoral and the profundal zones (Wetzel, 2001). These two
zones differ in their extent depending on the physical characteristics of a lake.
The littoral zone encompasses the area from the shore to the deepest part of
the lake where rooted macrophytes can grow, and can be divided further into
four smaller zones from the shoreline to deeper water: the eulittoral, upper
littoral, middle littoral and lower littoral zones (Figures 1,2). The area between
the bottom of the lower littoral zone and profundal zone is referred to as the
littoriprofundal zone. By definition, the littoral zone is the area suitable for plant
growth and the profundal zone consists of sediments with no plant growth, but
some shallow lakes allow enough light penetration throughout the entire area of
the lake basin that macrophyte growth occurs across the entire area of the lake
(Wetzel, 2001).
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The area of open water in a lake is called the pelagic zone (Wetzel,
2001)(Figures 1,2). This area is defined as the open-water portion of the lake,
but its area is dependent upon the bathymetry of each individual lake. If the lake
were shallow or clear enough to support macrophyte growth across its entire
bottom, there would essentially be no pelagic zone. Contrastingly, if a lake has a
very steep gradient starting at the shoreline, the area that would support
benthic growth would be very small and the pelagic zone would be
proportionally large (Wetzel, 2001).

Macrophytes: Morphology and Growth
The topics discussed in this paper will revolve around the growth of
aquatic macrophytes. Therefore, it is essential to have a complete
understanding of what macrophytes are, as well as what factors contribute to
their growth. Aquatic macrophytes include the macroscopic plants in an aquatic
system, as well as some species of macroalgae (Fitzgerald et al., 2012).
Macrophytes grow in many different forms; these include emergent
macrophytes, submersed macrophytes, floating-leaved macrophytes and freefloating macrophytes (Figures 1,2) (Fitzgerald et al., 2012).
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Figure 1. Diagram of littoral zone and morphologies of aquatic macrophytes.
Submerged, emergent and free-floating macrophytes are shown. Floating-leaved
macrophytes are not shown. Diagram also includes notation of benthic and
open-water zones. Taken from: http://gowanusseedsproject.wordpress.com/.
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Figure 2. Additional diagram of the littoral region of a lake. This diagram
includes depictions of emergent, floating-leaved and submerged macrophytes.
Taken from:
http://www.mainevolunteerlakemonitors.org/mciap/herbarium/PlantCommunitie
s.php.

These different morphologies of aquatic macrophytes require different
environments and conditions for growth. For submerged vegetation, there is
strong competition for sunlight between macrophytes and phytoplankton.
Nutrient concentration in the water is also an important growth factor and there
is competition for nutrients between species. Macrophyte species with floating
leaves use atmospheric carbon dioxide for photosynthesis. Emergent
macrophytes occupy the shoreline habitat, occupying a different niche
(Fitzgerald et al., 2012)(Figures 1, 2). Rooted macrophytes will primarily
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receive nutrients from the sediment. Free-floating macrophytes do not rely on
nutrients in the sediment of a lake, but will obtain nutrients from the water
(Fitzgerald et al., 2012). Just as for terrestrial plants, aquatic macrophytes
require and compete for light, nutrients, and space.
Light is perhaps the most important of these growth factors. For
submerged macrophytes to germinate, light must reach the substrate of a lake.
The depth to which the light can reach as it is removed by the water column is
influenced by water clarity. The clarity of the water is influenced by many
different biotic and abiotic factors. Factors influencing water clarity include:
phytoplankton abundance, turbidity, wind and wave action, and nutrient
content–either indirectly from algal growth, or from nutrients dissolved in the
water. At a minimum, aquatic macrophytes require 1-4% of surface light in
order to conduct photosynthesis (Fitzgerald et al., 2012).
As mentioned before, macrophytes are in competition with phytoplankton
for light and nutrients. Nutrient concentrations in the water as well as the
sediment influence the relative abundances of macrophytes and phytoplankton.
If there is a high concentration of phosphorous in the water of a lake, this may
promote phytoplankton growth. A high phytoplankton population in a lake will
decrease water clarity and negatively impact macrophyte growth. In contrast, if
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there is a high concentration of phosphorous in the sediment, this will support
rooted macrophyte growth (Scheffer et al., 1993; Fitzgerald et al., 2012).
Four key macrophyte species will be focused on in this study. These
include the invasive species Myriophyllum spicatum (Eurasian Watermilfoil) and

Potamogeton crispus (Curly-leaf Pondweed), and the native species
Ceratophyllum demersum (Coontail) and Vallisneria Americana (Wild Celery). The
morphologies of these species are shown for reference in Figure 3. Coontail and
Eurasian Watermilfoil are thick and bushy species, where as Wild Celery is thin
and grass like, and Curly-leaf Pondweed is leafy, but not bushy or dense (Figure
3).
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Figure 3. Morphologies of the four focus species in this study. Images are
shown for (a) Myriophyllum spicatum (Eurasian Watermilfoil), (b) Potamogeton
crispus (Curly-leaf Pondweed), (c) Ceratophyllum demersum (Coontail), and (d)
Vallisneria americana (Wild Celery). From (Borman et al., 2001).
10

Zebra Mussels (Dreissena Polymorpha)
Introductions of new species or outside influences to a lake system can
change the ecological characteristics of a lake and influence the dominance
struggle between phytoplankton and macrophyte species through cascading
effects. One such influential species is Dreissena polymorpha, commonly known
as the zebra mussel. Zebra mussels have been shown to have an extremely
influential effect on the habitats they invade; they have been called “ecosystem
engineers” (Jones et al., 1994, 1997). Their impacts include alteration of both
the structure and function of the systems they invade (Zhu et al., 2006;
Strayer et al., 1998; Bailey et al., 1999; Karatayev et al., 2002; Mayer et al.,
2002). One of the best-documented influences of D. polymorpha is increased
water clarity (Zhu et al., 2006). Dreissena polymorpha are filter feeders that
feed on particles suspended in the water column. The mussels most commonly
inhabit shallow areas of aquatic systems so it would be expected that this
effect would be most pronounced in shallow water areas.

Water Clarity and Light Penetration
Zhu et al. (2006) studied the phenomenon of how invasion by zebra
mussels affected submerged macrophytes specifically, providing an extremely
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relatable and useful comparison to our study (Zhu et al., 2006). Their results
reveal an increase in water clarity (Secchi depth) from their earliest data in
1975 to 2002. A more revealing result may be that Secchi depth increased
from an average of 2.6 ± 0.1m before the invasion of D. polymorpha to 3.5 ±
0.2m in the years since the invasion (Zhu et al., 2006). This shows an initial
increase in water clarity as the beginning of a chain of system-wide events since
the invasion of zebra mussels.
Similar increases in water clarity have been one of the most commonly
reported effects of zebra mussel invasion (Zhu et al. 2006; Caraco et al., 1997;
Baldwin et al., 2002; Vanderploeg et al., 2002). This impact is a result of zebra
mussel feeding; zebra mussels filter feed particles out of the water column (Zhu
et al., 2006; Karatayev et al., 1997, 2002). Their consumption of these
particles can lead to other cascading effects in the lake or river system they
have invaded. Because they consume these particles and then bind them in
feces or pseudofeces, an increase in nutrients in the sediment can occur.
Increased water clarity also leads to greater light penetration, which will strongly
encourage macrophyte growth (Zhu et al., 2006). All of these cascading effects
on the ecosystem will be addressed.
Of all the factors that influence the growth of macrophytes, light is the
most important. The invasion of D. polymorpha can indirectly influence this
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growth factor; by increasing water clarity and as a result, increasing light
penetration (Zhu et al., 2006). These effects can have cascading consequences
for the entire aquatic ecosystem.
Figure 4 shows the possible interactions between D. polymorpha and
macrophytes (Figure 4; Zhu et al., 2006). Focusing on the top three
interactions illustrated, the figure shows that dreissenid mussels increase water
clarity (+), which positively affects the growth of macrophytes. Second, the
figure shows that the mussels increase nutrient availability, also positively
affecting the growth of macrophytes. Dreissenid mussels increase nutrient
supply to macrophytes by binding nutrients in their feces or pseudofeces after
consumption of organic particles (Fitzgerald et al., 2012; Zhu et al., 2006). This
removes nutrients from the pelagic zone and increases the nutrient content in
the benthic zone, depositing phosphorous and nitrogen into the sediment, both
of which are very important for macrophyte growth. Third, it demonstrates that
Dreissenid mussels attach to submerged macrophytes, which has a negative
effect on macrophyte growth, but is a positive effect for the mussels (Figure
4).
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Figure 4. Interactions between Dreissenid Mussels and macrophytes. Taken
from Zhu et al. 2006.

MacIsaac (2010) showed that D. polymorpha can cause diverse direct and
indirect effects on both biotic and abiotic entities in their invaded habitats
(Figure 5). The schematic in Figure 4 shows fewer effects on macrophytes than
we have discussed so far. If revised, we would argue that this schematic must
include positive indirect effects from the feces and pseudofeces of zebra
mussels on macrophytes, as well as a direct effect on the abiotic water clarity,
which would, in turn, have a direct positive effect on growth of macrophytes.
This schematic effectively demonstrates many of the food web
interactions influenced by zebra mussels. As will be discussed further in the next
section, macrophytes can have many direct and indirect effects on food web
interactions, not only piscivorous fish as shown in the figure (MacIsaac, 1996)
(Figure 5).
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Figure 5. Observed and potential effects of D. polymorpha in freshwater
communities. Taken from MacIsaac 1996.

Oneida Lake
Oneida Lake is located in New York and has very similar physical as well as
ecological characteristics to Lake Winnebago. Extensive studies have been
conducted on this lake to document the changes to the lake system since the
introduction of D. polymorpha (Zhu et al., 2006; Fitzgerald et al., 2012).
Contrastingly, very few studies have been conducted on Lake Winnebago since
the invasion of zebra mussels in 1998. For this reason, Oneida Lake is a very
useful study tool for examining the Lake Winnebago system. Zebra mussels
15

invaded Oneida Lake in 1988; one can consider the ecological history of this
lake as ten years ahead of Lake Winnebago and, thus, it is a useful tool for
predicting the near future of the ecological status of Lake Winnebago.
The lacking historical evidence of the ecology of macrophytes in Lake
Winnebago is troublesome for this study because there is no basis for
comparison of the state of the macrophyte communities prior to the invasions
of zebra mussels. The studies of Oneida Lake, however, provide much more
complete evidence of the changes that have occurred since the invasion of
zebra mussels, and suggest system-wide impacts of such changes in
macrophyte communities (Zhu et al., 2006; Fitzgerald et al., 2012).

Macrophyte Colonization and Community Composition
In Oneida Lake the depth at which 1% surface light penetrated increased
after the invasion of D. polymorpha. They found that this depth was 6.7 ±
0.13m before zebra mussel invasion and 7.8 ± 0.17m after the invasion (Zhu et
al., 2006). They then used these data to calculate the total area of the lake
that was suitable habitat for macrophyte growth assuming the lower limit of
growth is 1% of surface light. They estimated that the area increased from 90
±3 km^2 pre-invasion to 111 ±3 km^2 post-invasion; this represents a 23%
increase in suitable habitat area (Zhu et al., 2006).
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The authors also found the maximum actual depth of macrophyte
occurrence using hydroacoustic surveys before and after the invasion. The
average maximum depth of occurrence prior to invasion was found to be 3.0 ±
0.5m (1976, 1977 and 1980) and 5.1 ± 0.8m during the time since invasion
(1995-2002). These data represent a 70% increase in maximum depth of
growth (Zhu et al., 2006).
Additionally, the authors revealed an increase in macrophyte diversity
parallel with the other changes in lake ecology. They report an increase in
species richness from eight species before invasion to 12 post-invasion. They
also reported an increase in the value for Simpson’s diversity index from 5.2 to
8.2. The authors divided the area of macrophyte habitat into three different
sections by depth in order to observe changes in species richness at each
depth. They found that species richness increased significantly at all depths,
with increases for three individual species in shallow depths (<2m), increases for
five species in intermediate depths (2-4m), and species richness increases for
ten species in deep water (>4m) (Zhu et al., 2006).
Finally, the authors report a change in species composition from almost
strictly shade-tolerant species to a group of species that are tolerant of a
diverse range of light levels. Of the six dominant species prior to zebra mussel
invasion, five were tolerant of low-light conditions. Low-light tolerant
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submerged macrophyte species are likely to do well in turbid water habitats, or
in deep water. However, after zebra mussel invasion, the authors discovered
four new species that are tolerant of high-light conditions growing across the
range of depths. They conclude that an increase in water clarity can result in
the promotion of growth of low-light-tolerant species in deep water areas, as
well as high-light-tolerant species in shallow areas (Zhu et al., 2006). Another,
perhaps more important, conclusion made is that the change in species diversity
is a direct result of increase in water clarity and light penetration. The authors
argued that the change in macrophyte species diversity was a direct result of
the increase in light, as opposed to indirectly, due to an increase in the area
suitable for macrophyte growth. This conclusion was made because of the new
growth of high-light-tolerant species, instead of just a greater area covered by
the same macrophyte species as prior to the invasion (Zhu et al., 2006).
Zhu et al. found two exceptions to their trend of increase in frequency of
occurrence of submerged macrophytes following invasion by zebra mussels, and
they attribute these to the negative effects of zebra mussel attachment. They
found that M. spicatum and P. zosteriformis declined in frequency of occurrence
after the invasion of D. polymorpha. The authors hypothesized that these
decreases may be attributable to the attachment of zebra mussels to the plants
and their negative effects on growth such as shading the plants from light and
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weighing them down (Zhu et al., 2006). The negative effect of attachment to
macrophytes by zebra mussels is also shown in Figure 4. This point shows that
an invasive species can cause many different effects on species already present
in an ecosystem and that these effects will, in turn, cause differential cascading
effects throughout the system it has invaded. It also demonstrates the
complexity of an ecosystem and the importance of considering all possible
effects when studying an invasive species or invaded habitat.

Implications and Importance of this Study
This introduction to the topic of this study has discussed in depth the
many factors considered related to the growth of aquatic macrophytes. The
many facets of this topic are truly cyclical. Many factors contribute to the
growth of macrophytes and their growth then influences many other aspects of
the lake ecosystem, the most important being light. The presence of an invasive
species, especially one so influential as the D. polymorpha, can drastically alter
the invaded ecosystem. As was discussed here, the zebra mussels were linked
to an increase in water clarity, which increased light penetration, allowing for
increased abundance of macrophytes as well as an increase in suitable habitat in
deeper areas. Zebra mussels remove phytoplankton from the water column,
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which will decrease the dominance of phytoplankton, and further contribute to
the shift in dominance towards a plant-dominated habitat.
What all of these changes are describing is an increase in benthic
photosynthesis. That is, the importance of benthic primary production is
increasing over the importance of pelagic production (Zhu et al., 2006;
Vanderploeg et al. 2002). This is often referred to as “benthification” (Zhu et
al., 2006).
Though there is very little background information on the growth of
macrophytes or near-shore habitat of Lake Winnebago, it is clear that
something has changed. This study will report the present state of select
shallow areas of the lake, as well as water quality conditions. With these
baseline data, it will be possible to track any changes that are continuing in the
lake in the future.
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Met hods
Sampling Sites
Sample sites were chosen along the western side of Lake Winnebago
because of the morphometry; the east side of the lake experiences a very rapid
and steep drop off whereas the west side deepens more gradually (Figure 6).
Bays were chosen where this gradual morphometry was apparent in order to
assess shallow areas with increased likelihood of macrophyte growth. Four bays
were chosen for sampling: Neenah Bay, Cowling Bay, North Asylum Bay and
Decorah Beach Bay. Four to six transects were established in the sampling areas
using Google Earth and were spaced evenly throughout the bays in order to
attain full coverage (Figure 7). Sampling was conducted at 73 total sites within
4 bays in Lake Winnebago (Figure 8).
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Figure 6. Map of Lake Winnebago. Sample locations are circled and from North
to South are: Neenah Bay, Cowling Bay, North Asylum Bay, and Decorah Bay.
(Source: http://www.fishnbudz.com/lake/Wisconsin/Fond-du-Lac/LakeWinnebago/Fish-Lake-Winnebago.html)
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Figure 7. Transect maps. Transects shown for (a) Neenah Bay, (b) Cowling
Bay, (c) Asylum Bay, and (d) Decorah Bay.

Figure 8. Sample site GPS coordinates separated by bay and transects.
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Biological Data
At each site, triplicate rake samples were obtained and assessed for
macrophyte density. The sampling and data entry methods used followed the
standard procedure outlined by the Wisconsin Department of Natural Resources
(Hauxwell et al., 2010). A double-sided rake was used to collect samples off the
front, port, and starboard sides of the bow of the boat (Figures 9,10). The rake
was thrown approximately two meters each time. The width of the rake used
was 34 cm; this rake was attached to a rope, but rakes attached to long poles
may also be used (Figure 10). Rake densities were judged on a scale of 0 to 3.
This density value was decided visually based on the rake being 1/3 full (=1),
2/3rd full (=2) or full (=3), according to the procedures recommended in Deppe
& Lathrop (1992) and Indiana DNR (2007) (Figure 9). Macrophytes collected
were then brought back to the laboratory to be identified and separated by
species. Rake densities for individual species were then determined and
recorded. These densities for each species were assessed on the same scale of
0-3 for rake fullness.
Water was collected for Chlorophyll a analysis from two sites in each bay.
These two sites included two points along a transect that was near the center
of the bay, one site near to shore and one near the entrance to the bay. Water
was collected for analysis from just below the surface. Chlorophyll content was
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determined using the standard acetone extraction procedure from Lind (1985)
at 750nm and 663nm. This extraction was done with two replicates from each
sample. Chlorophyll content from the two sites were averaged to give values for
each bay. Historical values of chlorophyll content were provided by Bart De
Stasio from 1993-2011.

Figure 9. Rake fullness appearances for fullness rating 0-3. Source: Hauxwell et
al. 2010.
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Figure 10. Rake sampler used. Rope rake, width = 34 cm.

Physical Data
Light penetration data were obtained along one transect in each bay. A
transect in the center of each bay was chosen for this procedure in order to
estimate the range of light conditions occurring in the bay. Light penetration
values were taken using a Protomatic underwater photometer. Light meter
readings were taken at every site along the chosen transect and were taken at
0.5-meter intervals from the surface to just above the bottom.
Secchi depth readings were obtained at every sample site in all bays.
Bottom depths were also determined at each site using a Secchi disk. From the
rake density data combined with the bottom depth readings, maximum depth of
macrophyte occurrence was estimated for each bay. This statistic was
calculated as the depth of the site with the deepest depth reading with any rake
density above zero.
26

Statistical Calculations
Depths of one percent (1%) light levels were calculated from the light
penetration data. The light penetration data were plotted on a logarithmic scale
against depth in standard limnological format. The 1% light depths from each
site were then calculated based on the y-intercept on these graphs.
Several statistics were calculated from the rake fullness values for both
total rake fullness and rake fullness values for individual species. Average rake
fullness values were calculated for all sites, for sites shallower than the
maximum depth of plant occurrence in that bay, and only sites where plants
occurred (non-zero values). These three different averages were also calculated
for individual species’ rake fullness values.
Multiple statistics of frequency of occurrence were also calculated.
Frequency values were calculated for number of sites in each bay where plants
occurred, and number of sites where particular species occurred. Simpson’s
index of diversity, as well as other calculations such as species richness, were
calculated using the Excel spreadsheet provided by the University of WisconsinStevens Point (2011).
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GIS Mapping
Arc GIS was used to map images of Lake Winnebago for visualization of
results. Certain depth parameters in GIS were chosen used to calculate exact
areas within the lake shallower than those depths. These areas were calculated
using ImageJ from the National Institutes of Health (NIH). Hourly wind data were
obtained for the Whittman Airport recording station at Oshkosh, WI. Data were
retrieved from the National Oceanographic and Atmospheric Administration
(NOAA) National Climate Data Center (NCDC) website
(http://lwf.ncdc.noaa.gov/oa/ncdc.html). Wind rose plots were created with
WRPlot View graphing package from Lakes Environmental Software, Inc. The
wind rose figures show frequencies of wind measurements by direction, as well
as by speed. The wind roses from Oshkosh Whittman Airport for May and June
2011 show the wind patterns during the growing season of Lake Winnebago
macrophytes. These wind roses were then superimposed with the Google Earth
aerial photographs of each bay in order to predict and compare likely wind
exposure.

Floristic Quality Index
The Floristic Quality Index (FQI) was calculated for each bay on all
sampling dates using the equation:
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,
where “C” is the average coefficient of conservatism and “n” is the number of
species observed in a bay. The coefficients of conservatism (C values) for
Wisconsin aquatic plants were obtained from Nichols (1999), and the Miller’s
Bay study on Lake Winnebago from Hoyman et al. (2010). Exotic species are
not included in this index; therefore, the FQI for each bay was calculated using
the C values for native species only.
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Result s

Fifteen different macrophyte species were found in Lake Winnebago
throughout the six sampling dates (Table 1). The two sample dates with the
highest species richness were Neenah Bay on July 26, 2011 with 10 species,
and Decorah Bay on August 3 with 11 species, both sampled late in the season.
The third highest species richness was found in Cowling Bay on Aug. 4 with
eight species, also late in the summer. The lowest species richness was found in
Asylum Bay on July 21 with only three species.
Two species, Ceratophyllum demersum and Vallisneria americana, were
present on every sampling date. Two other species were very rare: Equisetum

fluviatile and Najas marina were each found only once in Neenah Bay on July 26,
and Cowling Bay Aug. 4, respectively.
With repeat sampling dates for Neenah and Cowling Bays, it is possible to
observe some temporal changes within each bay. In Neenah Bay, there was an
increase from six to ten species between late June and late July. Potamogeton

crispus was found in Neenah bay on June 30, but not on July 26. However, five
new species appeared in the bay between these sampling dates: Catabrosa

aquatica, Ceratophyllum echinatum, E. fluviatile, Potamogeton foliosus, and
Potamogeton richardsonii. For Cowling Bay, the species richness increased from
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six to eight species between early July and early August. Similar to the
observation in Neenah Bay, P. crispus was found only on the first date. Likewise,

Stuckenia pectinata, was found on the first sampling date, but not on the
second. Four new species appeared between samplings: Elodea canadensis, N.

marina, P. foliosus, and P. richardsonii (Table 1). Maximum depths that species
were found at are given in Table 2 for plants, without regard to species
composition, and for individual species (Table 2).

Table 1. Presence/absence of macrophyte species for all sampling dates with
species richness; invasive species are shown in red. Presence of a
species is marked with an ‘X’ and blank cells represent absence.

Table 2. Maximum depths of plant occurrence, M. spicatum, P. crispus, C.
demersum, and V. americana (ft.) in each bay for all sampling dates.
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Patterns at each Site
There was an increase in average rake fullness value between the two
dates sampled at sites shallower than the maximum depth of plant occurrence
for three species in Neenah Bay: E. canadensis, M. spicatum, and N.

guadalupensis (Figure 11a). As discussed earlier, there was also the appearance
of four new species, and the disappearance of one species. For the sampling
date in late June, C. demersum and V. americana showed the highest average
rake fullness, followed by M. spicatum (Figure 11a). In late July, M. spicatum, V.

americana, and C. demersum showed the highest average rake fullness.
The graph for Cowling Bay sampled in early July and early August also
shows that in average rake fullness values changed over time for individual
species (Figure 11b). The rake fullness values showed an increase for only N.

guadalupensis between July 8 and August 4. Four species, C. demersum, M.
spicatum, N. guadalupensis, and V. americana, occurred both in early July and
August. Two species, P. crispus and S. pectinata, were found in the July
sampling, but not in the August sample. Four species, E. canadensis, N. marina,

P. foliosus, and P. richardsonii, appeared only in the August sampling (Figure
11b).
Only three macrophyte species were found in Asylum Bay, which was
sampled on July 21. These species included C. demersum, P. foliosus, and V.
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americana (Figure 11c). Of these, P. foliosus, and V. americana had the highest
rake fullness, both with values of 0.083 ± 0.042. The average rake fullness
value for C. demersum was only 0.042 ± 0.030 (Figure 11c).
Eleven species were found in Decorah Bay on August 3. Of these, V.

americana had the highest average rake fullness, with a value of 0.762 ± 0.102
(Figure 11d). This was followed by M. spicatum, with a value of 0.238 ± 0.072.
The other nine species present all had average rake fullness values less than 0.2
(Figure 11d).

Patterns for Individual Species
The two invasive species observed, M. spicatum or P. crispus, were
present in all the bays except for Asylum Bay (Table 1, Figure 11).

Potamogeton crispus occurred in Neenah Bay and Cowling Bay, and in both
cases it was found on the earlier sampling date, but not the later sampling date.

Myriophyllum spicatum was found on all sampling dates of Neenah and Cowling
Bays. Only M. spicatum was found in Decorah Bay (Table 1). The highest
average rake fullness value for M. spicatum was found in Neenah Bay on July 26,
with a value of 0.528. The highest value for P. crispus was also found in Neenah
Bay, but on June 30 with a value of 0.030 (Figure 11).
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The native species C. demersum and V. americana were found on all
sampling dates (Table 1, Figure 11). Both of these species were present in high
abundances compared to most other species found. The highest average rake
fullness value at sites below the maximum depth of growth for C. demersum
was in Cowling Bay on August 4 with a value of 0.551 (Figure 11). The highest
value for V. americana was found in Decorah Bay on August 3 (Figure 11).

Figure 11a.
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Figure 11b.

Figure 11c.
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Figure 11d.
Figure 11. Average rake fullness for all species found in each bay at sites
shallower than the maximum depth of plant occurrence in each bay. Error bars
indicate 1 standard error. Data are shown for (a) Neenah Bay on June 30 and
July 26, (b) Cowling Bay on July 8 and August 4, (c) Asylum Bay on July 21,
and (d) Decorah Bay on August 3.

Total Macrophyte Density Patterns
The highest average total rake fullness, without regard to species
composition, was found in Neenah Bay on July 26, with an average of 1.61 ±
0.167. The second highest value was found in Decorah Bay, with a value of
1.22 ± 0.135. Asylum Bay had the lowest average rake fullness value of only
0.146 ± 0.062 (Figure 12).
Temporal changes in the average rake fullness value at sites shallower
than the maximum depth of plant occurrence in Neenah and Cowling Bays are
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apparent (Figure 12). This average was higher in late July than it was in late
June for Neenah Bay. The value increased from 0.864 ± 0.107 in late June to
1.611 ± 0.167 in late July. The average rake fullness value also increased in
Cowling Bay from early July to early August; these values increased from 0.756
± 0.112 in early July to 1.05 ± 0.107 in early August (Figure 12).

Figure 12. The average total rake fullness for each sampling date of sites at or
below the maximum depth of plant occurrence on that respective sampling
date. Error bars indicate 1 standard error.

A t-test of significance between the rake fullness values at sites shallower
than the maximum depth of plant occurrence revealed significant P-values for
10 out of the 14 comparisons between sampling locations and dates (Table 3).
These values were significant at P-values less than 0.05. Asylum Bay had a rake
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fullness index significantly lower than every other sampling date (Table 3).
These data reveal that Asylum Bay had significantly different macrophyte
abundances than any other sampling location. For both Neenah and Cowling
Bays, the average rake fullness increased significantly from the first to the
second sampling date; this shows increasing macrophyte density over time.
Comparing the late summer sampling dates, Neenah Bay on July 26,
Cowling Bay on August 4, and Decorah Bay on August 3, revealed that two out
of the three combinations showed no significant differences. Neenah Bay on
July 26 had a significantly higher average rake fullness than Cowling on August
4, with a P-value of 0.0043 (Table 3). However, the other two comparisons of
these late summer dates, between Neenah on July 26 and Decorah, and Cowling
on August 4 and Decorah, showed no significant differences (Table 3).
The highest P-value was found between Neenah Bay on June 30 and Cowling
Bay on July 8 (Table 3). Given the similarity of these three bays on similar
sampling dates one can consider them as replicates representing general
conditions of bays in Lake Winnebago late in the summer.
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Table 3. P-values for a t-test of significance between the average rake fullness
values at depths shallower than the maximum depths of plant occurrence for all
sampling dates. Neenah and Cowling Bays labeled 1 and 2 represent the earlier
and later sampling dates, respectively. All P-values significant at values less than
0.05 highlighted in blue.

The average rake fullness for rakes with non-zero evaluates the densities
of macrophytes where they are present (Figure 13). Similar to the previous
calculations, Neenah Bay on July 26 showed the highest value and Decorah Bay
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had the second highest. These averages were 2.12 ± 0.133 and 1.71 ± 0.125,
respectively (Figure 13). Asylum Bay had the lowest average, with a value of
1.17 ± 0.167 (Figure 13).

Figure 13. The average rake fullness values, without regard to species
composition, of all non-zero rakes for all sampling dates. Error bars indicate 1
standard error.

Species-specific Site Comparisons
The invasive species M. spicatum was found on all sampling dates, except
in Asylum Bay (Figure 14). The highest average rake fullness of M. spicatum at
sites shallower than the maximum depth of macrophyte occurrence was found
in Neenah Bay on July 26, with a value of 0.528 ± 0.124. The second highest
value was found in Neenah Bay on the June sampling date, with a value of 0.242
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± 0.064. The temporal changes in M. spicatum abundance showed increases for
both Neenah and Cowling Bays (Figure 14). The rake fullness increased more
dramatically in Neenah Bay between late June and late July than it did in Cowling
Bay between early July and early August (Figure 14). These values increased by
0.286 in Neenah Bay, more than doubling the average in late June. The
averages in Cowling Bay increased by only 0.012. Decorah Bay had an average
of 0.238 ± 0.072, very similar to the average in Neenah Bay on June 30.

Figure 14. The average rake fullness values of Myriophyllum spicatum at sites
shallower than the maximum depth of macrophyte occurrence for all sampling
dates. Error bars indicate 1 standard error.

The other invasive species found in Lake Winnebago, P. crispus, was
found only in Neenah Bay on June 30 and Cowling Bay on July 8 (Figure 15).

41

The species disappeared from both sites on the later sampling dates.

Potamogeton crispus was found with an average rake fullness of 0.030 ± 0.022
in Neenah Bay and 0.026 ± 0.018 in Cowling Bay (Figure 15).

Figure 15. The average rake fullness values of Potamogeton crispus at sites
shallower than the maximum depth of macrophyte occurrence for all sampling
dates. Error bars indicate 1 standard error.

Ceratophyllum demersum was one of the most common macrophytes and
was found at all sites on all sampling dates (Figure 16). The highest average
rake fullness at sites shallower than the maximum depth of plant occurrence
was found in Cowling Bay on August 4 with a value of 0.551 ± 0.103; this was
followed closely by Neenah Bay on July 26 with 0.463 ± 0.110, Cowling Bay on
July 8 with 0.449 ± 0.103, and Neenah Bay on June 30 with 0.409 ± 0.103
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(Figure F). Asylum and Decorah Bays had appreciably lower averages with values
of 0.042 ± 0.030 and 0.016 ± 0.016, respectively (Figure 16).

Figure 16. The average rake fullness values of Ceratophyllum demersum at
sites shallower than the maximum depth of macrophyte occurrence for all
sampling dates. Error bars indicate 1 standard error.

Vallisneria americana was also found in all bays on all sampling dates
(Figure 17). The highest average rake fullness was found in Decorah Bay with a
value of 0.762 ± 0.102 (Figure 17). The rake fullness values in Neenah and
Cowling Bays both increased through time; the values in Neenah Bay increased
by 0.063 from late June to late July and the values in Cowling Bay increased by
0.115 from early July to early August. Asylum Bay had the lowest value for
average rake fullness at sites below the maximum depth of plant occurrence;
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the average rake fullness for V. americana in Asylum Bay was 0.083 (Figure
17).

Figure 17. The average rake fullness values of Vallisneria americana at sites
shallower than the maximum depth of macrophytes occurrence for all sampling
dates. Error bars indicate 1 standard error.

Wind Data and Bay Exposure
Wind rose data with direction and speed allows for comparison of the
position of each bay to the frequency of occurrence of wind (Figures 18,19).
These figures reveal which wind directions occurred most often, as well as which
winds had the highest speeds. The wind roses are shown for May and June of
2011, the season when macrophytes start to grow in Lake Winnebago (Figures
18,19). Winds with the highest speeds would be expected to produce the most
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wave action in the Lake. The wind rose plot for May 2011 showed North North
East wind having the highest frequency, followed by North East, and East winds,
respectively (Figure 18). Of the winds from the North North East, speeds of 1117 Knots were most frequent, followed by winds greater than 22 Knots.
The rose for June 2011 showed Easterly having the highest frequency,
followed by South East, and Westerly winds, respectively (Figure 19). Of the
winds from the East, wind speeds of 7-11 Knots were most frequent, followed
by winds from 11-17 Knots (Figure 19).
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Figure 18. Oshkosh wind rose May 2011. Measurements of wind speed (see
legend) and direction recorded at Oshkosh Whittman Airport.
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Figure 19. Oshkosh wind rose June 2011. Measurements of wind speed (see
legend) and direction recorded at Oshkosh Wittman Airport.
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Because the study locations were all on the West side of Lake Winnebago,
winds coming from directions between North North East and South South East
would be expected to produce wave action across the fetch of the Lake,
moving towards the study bays. When superimposed with aerial photographs of
the bays, it is possible to visualize the area of the bay that would be protected
from the prominent winds, as well as the areas that would be most exposed.
Asylum Bay was also more exposed to wave action from more wind directions
than any other study location. The potential exposure to winds in June 2011 of
each bay is visible from these superimposed images (Figure 20).
Neenah Bay appears to be exposed to winds ranging from the North to
the South East, but protected from winds west of and including South South
East winds (Figure 20a). Cowling Bay appears to be exposed to any winds east
of North and South. Also, the southern corner of the bay is more protected
from the South to South East (Figure 20b). The sampling area is North Asylum
Bay appears to be exposed to winds ranging from the North East to Southern
winds, and looks to be especially vulnerable to the frequent Easterly winds
(Figure 20c). Finally, Decorah Bay appears protected from the most wind
directions; it appears as though the sampling area is directly exposed to winds
ranging only from the North North East to the East (Figure 20d).
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Figure 20a.
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Figure 20b.
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Figure 20c.
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Figure 20d.
Figure 20. Aerial photographs of sampling locations superimposed with the
Oshkosh wind rose (Whittman Airport) data from June 2011. Data are shown
for (a) Neenah Bay, (b) Cowing Bay, (c) Asylum Bay, and (d) Decorah Bay.

Frequency of Occurrence Data
The highest frequency of sites with plant growth, without regard to
species composition, was found in Cowling Bay on August 4; plants were found
at this time at 84.6% of sites visited. The second highest frequency was also
found in Cowling Bay on the earlier sampling date; on July 8, Cowling Bay had
plant growth at 73.1% of sites visited. Neenah Bay, however, showed a
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decrease in frequency of plant growth through time. In late June, plants were
found at 70.4% of sites and in late July, they were found at 59.3% of sites
visited. Decorah Bay had plant growth at 69.2% of sites visited and Asylum Bay
had on 13.0% of sites with plant growth (Figure 21a).
Neenah Bay had the highest frequency of sites with growth of

Myriophyllum spicatum (Figure 21b). On both sampling dates, M. spicatum was
found at 29.6% of sites in Neenah Bay. Decorah Bay had the second highest
frequency of occurrence of this invasive species, with 26.9% of sites showing
growth. Cowling Bay showed a decrease in frequency of M. spicatum through
time; in July, 23.1% of sites were found with growth, which decreased to 19.2%
in August. Asylum Bay had no growth of M. spicatum at sites visited (Figure
21b).

Potamogeton crispus, another invasive species, was only found on two
sampling dates. It was found in Neenah Bay on June 30, with a frequency of
occurrence of 3.7%, and in Cowling Bay on July 8, with a frequency of 3.8%
(Figure 21c).

Ceratophyllum demersum was found on every sampling date. The highest
frequency of occurrence of C. demersum was found in Cowling Bay on August 4,
with growth at 57.7% of sites (Figure 21d). This was the highest frequency of
occurrence of any individual species in this study. The second highest frequency
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of C. demersum was found in Cowling Bay on July 8, with growth at 42.3% of
sites. Frequency of occurrence of C. demersum also increased over time in
Neenah Bay; it was found with a frequency of 33.3% in June and 37.0% in July.

Ceratophyllum demersum was found at 8.7% of sites in Asylum Bay on July 21,
and only 3.8% of sites in Decorah Bay on August 3 (Figure 21d).

Vallisneria americana was also found on all sampling dates, and was found
with high frequencies of occurrence in every sampling location except Asylum
Bay (Figure 21e). Its frequency decreased over time in Neenah Bay, but
increased slightly over time in Cowling Bay. Vallisneria americana was found at
55.6% of sites in Neenah Bay in June and 37.0% of sites in July. It was found at
46.2% of sites in Cowling Bay in July and 50.0% of sites in August. In Decorah
Bay, it was also found at 50.0% of sites visited. The lowest frequency of V.

americana was in Asylum Bay, with growth at only 8.7% of sites visited (Figure
21e).
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Figure 21a.

Figure 21b.
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Figure 21c.

Figure 21d.
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Figure 21d.
Figure 21. Frequency of occurrence of plants in each bay. Data are shown for
percent of sites containing (a) plants, without regard to species composition,
(b) M. spicatum, (c) P. crispus, (d) C. demersum, and (e) V. americana.

Chlorophyll Analyses
Chlorophyll levels in Asylum Bay were the highest among the study
locations, with 28.39mg/m^3 (Figure 22). The second highest levels were
found in Decorah Bay with 21.40mg/m^3. The levels shown on the graph for
Neenah and Cowling Bays were averaged for both sampling dates. Neenah Bay
had an average of 19.84mg/m^3 and Cowling Bay had the lowest levels, with
an average of 10.85mg/m^3 (Figure 22).
The chlorophyll levels for the individual sampling dates of Neenah Bay
were 12.75mg/m^3 on June 30, and 26.93mg/m^3 on July 26. The chlorophyll
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levels for the individual sampling dates of Cowling Bay were 10.18mg/m^3 on
July 8 and 11.52mg/m^3 on August 4. This shows a considerable increase in
chlorophyll levels in Neenah Bay between late June and late July, but only a
slight increase in Cowling Bay. The later measurement in Neenah Bay is also very
close to that taken in Asylum Bay, also in late July.
The chlorophyll data for pre- and post-invasion of zebra mussels show
decreased levels of chlorophyll in Lake Winnebago in both July and August postinvasion (Figure 23). The measurements of June Chlorophyll levels appear
almost the same. August levels show the largest discrepancy between pre- and
post-invasion.

Figure 22. Chlorophyll a (mg/m^3) levels in June and July at deep-water sites
in Lake Winnebago from 1993-2011. Chlorophyll levels from each of the
shallow-water sites are marked with lines and labeled by bay.
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Figure 23. Chlorophyll (mg/m^3) levels in Lake Winnebago June-August from
pre- and post- invasion of zebra mussels. Error bars indicate ± 1 standard error.
Data provided by Bart De Stasio.

1% Light Levels
Cowling Bay shows potential for the deepest growth of macrophytes
based on the 1% light levels calculated from the light meter data (Figure 24).
This calculation shows light reaching 19.57 ± 0.33ft. The second deepest was
Decorah Bay, with a level of 18.13 ± 0.17ft. Neenah Bay had a level of 14.25 ±
0.38ft, and Asylum Bay had the shallowest 1% light level at 9.42 ± 0.16ft
(Figure 24). The average 1% light level for the deep-water site, Winn 1, from
the summer of 2011 is also shown; this value is shallower than every bay
except for Asylum Bay (Figure 24).
59

Figure 24. 1% light levels (ft) for all bays, and for the deep-water site Winn 1.
Error bars represent ± 1 standard error.

The maximum depth that macrophytes were found at in Asylum Bay was
13.776 ft (Table 2), so this indicates that there must have been an error in the
calculation or measurement of light data. The 1% light levels for the rest of the
bays are all deeper than the maximum depths macrophytes were found at in
each bay (refer to Table 2).

GIS Data
The area shallower than the maximum depth of plant occurrence, as well
as the area shallower than the 1% light levels found in this study can both be
used as indicators of area with the potential for macrophyte growth. These
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areas are shaded in to provide visual representation of this potential growth
(Figures 25,26). The area of the entire lake is 137,708 acres, according to
WisconsinLakes.com. The area of the lake with depths shallower than the
average maximum depth of plant occurrence (3.79m or 12.44ft) was found to
be 4,308 acres, representing 3.128% of the lake’s entire area (Figure 25). The
maximum depth of plant occurrence value for Decorah Bay was omitted when
averaging these values because there were no sample sites deeper than this
depth in that bay; therefore, data from Decorah Bay do not provide an accurate
estimate of the maximum depth of plant growth in that area because deeper
sites were not tested.
The area of the lake with depths shallower than the average depth of the
1% light levels (4.3m or 14.11ft) was found to be 5,445 acres. This represents
3.954% of the lake’s entire area (Figure 26).
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Figure 25. Lake Winnebago with area of depths less than or equal to
12.44 ft (3.79m). This area represents the depths less than or equal to the
average maximum depth of plant occurrence at study sites (omittng Decorah
Bay maximum depth).
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Figure 26. Lake Winnebago with area of depths less than or equal to
14.11 ft (4.30m). This area represents the depths less than or equal to the
average 1% light level of all study locations.
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Floristic Quality
Asylum Bay had the lowest floristic quality of the sample locations in this
study, with a value of 8.66. Neenah Bay in late July had the highest floristic
quality with a value of 19.0. This was followed by Decorah Bay at 18.02,
Cowling Bay in early August at 13.61, and the earlier sampling dates for both
Neenah and Cowling Bay with values of 9.50 (Table 5). The floristic quality
indicates the similarity of the flora present to communities that occur in
undisturbed conditions (Nichols 1999). Therefore, the communities with the
highest floristic quality values are closer to undisturbed conditions than the
sampling locations with lower floristic quality values.

Table 4. All species identified in this study and the coefficient of conservatism
(C) for Wisconsin lake plants.
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Table 5. Floristic quality (FQI) for all sampling dates.
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Discussion
Overview
This study successfully documented the current species composition and
distribution of submerged macrophytes in four near-shore locations on the
western shore of Lake Winnebago, as well as the near-shore water quality
conditions. These baseline data provide background for further study of similar
research questions, and insight into possible explanations for the recent
nuisance-level growth of macrophytes in the Lake Winnebago system.

Main Conclusions
For almost all factors that were examined in this study, the data from
Asylum Bay stood out as the most different from the other bays. For that
reason, this section will focus on the main conclusions and patterns seen within
Neenah, Cowling, and Decorah Bays, and a section to follow will focus on the
differences observed in Asylum Bay.
The highest species richness values were found on the late summer
sampling dates at Neenah, Cowling and Decorah Bays. For Neenah and Cowling
Bays, the species richness increased over time. The number of macrophyte
species in these bays also increased over time. The t-test of significance reveals
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that these late sampling dates are similar to each other and can provide sound
replicate data for macrophyte abundances in the lake as a whole.

Macrophyte Communities of Lake Winnebago and other Wisconsin Lakes
Nichols (1999) divided Wisconsin into four “ecoregions” based on aquatic
macrophyte habitat and community structure. Lake Winnebago belongs to the
region referred to as North Central Hardwoods and Southeastern Till Plain lakes
and flowages (NCSE). The median floristic quality of lakes in this ecoregion is
20.9 (Nichols, 1999). All of the floristic quality values in this study were lower
than this median (Table 5). That is, all of the flora communities studied in Lake
Winnebago are farther from undisturbed conditions than the median value for
this region. Nichols stresses the importance of understanding the coefficient of
conservatism values assigned to each plant species in order to understand
floristic quality (Nichols, 1999). He defines conservatism as the estimated
probability that a plant is likely to occur in a landscape that is believed to be
relatively unaltered from presettlement conditions (Nichols, 1999). Plant
species are assigned C values based on these parameters; these values range
from 0-10 and the high values represent species that are most sensitive to
disturbance, or most likely to be found in pristine communities (refer to Table
4).
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The six sampling dates in this study can be examined as separate
communities, but also may be used as representative replicate samples of the
lake as a whole community. With all communities in this study receiving floristic
quality values below the median for this area of Wisconsin, it can be said that
the floristic quality of Lake Winnebago is below the median for this region.
The study conducted on Miller’s Bay is perhaps most easily used for
comparison to this study. Miller’s Bay is also located on the western shore of
Lake Winnebago, and the study has similar research goals to this one. The
floristic quality index found in Miller’s Bay is 21.5, with 16 native species, and an
average coefficient of conservatism of 5.4; three invasive species were also
found in this bay (Hoyman, 2010). Similarly, fifteen species were found
throughout the sample locations in this study, including two exotic species.
Miller’s Bay is highly dominated by C. demersum, which is similar to Neenah,
Cowling, and Decorah Bays. In Miller’s Bay, C. demersum accounts for nearly
40% of the bay’s plant population (Hoyman, 2010). Myriophyllum spicatum has
the second highest relative frequency in Miller’s Bay (18%), which is also similar
to the patterns found in this study. The authors concluded that the plant
community in Miller’s Bay in 2008 was dense, but with low diversity; they also
derived from the FQI that the community is representative of a disturbed area
(Hoyman, 2010). This is consistent with the results of this study, which reveal
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an FQI below the median in this region, indicating a considerable amount of
disturbance.

Macrophytes in Ecosystem Stabilization
As mentioned at the beginning of this paper, macrophytes are influential
in the alternating stable states of a lake between the clearwater/macrophytedominated state and the algae-dominated state. Submerged macrophytes play a
very important role in maintaining the clearwater state (Jeppesen, 1998). In
cases of increased nutrient load, macrophyte biomass may increase and fixate
the nutrient levels in the lake system. Additionally, macrophytes can decrease
phytoplankton populations by shading them in competition for sunlight
(Jeppeson, 1998; Zhu et al., 2006).
The data from this study show that the bays that were dominated by
macrophyte growth (Neenah, Cowling, and Decorah Bays) have lower chlorophyll
levels and deeper 1% light levels than the deep-water sites. Asylum Bay, which
was not dominated by macrophyte growth, and had higher chlorophyll levels
than the other bays and the deep-water sites, as well as shallower 1% light
levels. Individual examination of these bays reveals that each has either low
chlorophyll levels along with abundant macrophyte growth, or vice versa, which
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is consistent with the expected patterns of alternating dominance between
macrophytes and algae (Jeppeson, 1998; Wetzel, 2001).

Asylum Bay Differences
The average rake fullness at sites shallower than the maximum depth of
plant occurrence in Asylum Bay is significantly lower than every other sampling
site. This shows that the macrophyte abundance in this bay is lower than every
other location in this study, but does not provide an explanation as to why the
ecology is different in this bay. Other factors to consider include chlorophyll
levels, wave exposure, and light penetration.
The chlorophyll levels in Asylum Bay from 2011 are the highest among
the near-shore sampling locations. The chlorophyll levels here are also higher
than the levels at the deep-water sites in both June and July. This indicates high
algal abundances in Asylum Bay. With algae in competition with macrophytes for
sunlight as one of the driving factors in macrophyte growth, this could provide a
possible explanation for the low macrophyte abundances in this bay.
Wave exposure is another important factor for macrophyte growth. If an
area experiences high wave exposure during the growing season or entire
summer, this may impede the rooting success and, thus, growth success of
rooted macrophyte species. The sampling area in North Asylum Bay was more

70

exposed to wind than any other sampling site. The other sites were more
enclosed and, thus, protected from wave exposure, but North Asylum Bay is not
enclosed, and would experience wave exposure from many wind directions.
Light penetration is influenced by suspended algae, as well as other
factors such as turbidity. High algae abundances, which increase competition,
and wave action, which increases turbidity, both reduce light penetration
through the water column, reducing the potential area for macrophyte growth.

Plant Ecology
Grime proposes that three key factors determine vegetation communities;
these factors are competition, stress, and disturbance (Grime, 1974). He states
that competition exerts its maximum impact on determining the vegetation
community when the competition is resolved, but that stress and disturbance
prevent this resolution of competition (Grime, 1974). Stresses are imposed by
physical environmental factors such as light and nutrients. Disturbance is
created from activities by animals, humans, pathogens, or physical factors such
as erosion, wind, etc. (Grime, 1974).
Joseph Connell (1975, 1978) proposed that disturbance is a phenomenon
that greatly influences the diversity of communities (Molles, 2005). He went
further to suggest that an intermediate level of disturbance will promote the
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highest levels of diversity. His explanation for this is that an intermediate level
of disturbance leaves sufficient amounts of time between disturbances for many
species to inhabit the disturbed area, but not enough time for competition to
exclude many species (Molles, 2005; Connell, 1975, 1978).
It seems obvious that there is some level of disturbance in these study
areas from combinations of wave action and human disturbance along the
shoreline and into the aquatic habitat itself (Hoymann, 2010). However, the
Miller’s Bay study, which has very similar results to this study, claims that the
community supports a very low level of diversity. Connell claims that both low
and high levels of disturbance will cause low diversity levels in plant
communities, and Grime claims that stress and disturbance prevent competitive
exclusion. Therefore, if these shallow-water communities in Lake Winnebago are
supporting low levels of diversity, several explanations may exist: first, that
disturbance levels are either too low or two high that diversity levels are
reduced, or second, that stress and/or disturbance are not acting strongly
enough to impede competition. There are other possibilities as well, such as the
prospect that either a stress or disturbance is acting so strongly to reduce
diversity; one possibility of this may be wave action.
For Asylum Bay by itself, one may conclude that the low levels of both
diversity and total macrophyte abundance are a result of poor growth
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conditions. This bay’s particularly expansive threat of wave action may impede
the rooting abilities of most submerged species. The high levels of chlorophyll in
the bay also suggest that algal dominance may be out-competing macrophytes.
It is likely that both of these hypotheses are contributing to the low-diversity,
low-abundance macrophyte community structure in Asylum Bay.

Invasive Macrophyte Species
The highly invasive Eurasian Water Milfoil is found in high abundances in
Neenah, Cowling, and Decorah Bays, and its dominance may also contribute to
the low diversity within these communities. Myriophyllum spicatum has several
competitive advantages over native species; it propagates primarily by shoot
fragmentation, so if it were cut or uprooted, it can still multiply, and it starts to
grow very early in the spring while it is still too cold for native plants (Hoyman,
2010). The native species Coontail (C. demersum) also reproduces through
fragmentation; both of these species were found in high abundances, but, when
in competition with each other, Eurasian Water Milfoil may have an advantage
growing early (Hoyman, 2010). The other exotic species found in this study,
Curly-leaf Pondweed (P. crispus), does not seem to grow in high abundances like

M. spicatum and dies off early in the summer (Swindale and Curtis, 1957).
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Zebra Mussels and Effects on Water Clarity
The most dramatic impact of the invasion of zebra mussels is an increase
in water clarity (Idrisi et al. 2001; Zhu et al., 2006; MacIsaac, 1996). The
invasion of zebra mussels of Lake Winnebago in 1998 may also have
contributed to the subsequent nuisance growth of submerged macrophytes.
Zebra mussels filter feed the algae out of the water column in the shallow areas
of the lake that they inhabit has been shown to increase water clarity, which
positively affects the growth of macrophytes. This reduces competition for
sunlight between macrophytes and algae. It is shown here that the chlorophyll
levels in Lake Winnebago are reduced in July and August post-invasion of zebra
mussels (Figure 23). Therefore, these data seem consistent with the hypothesis
that the increased water clarity by zebra mussels is a contributing factor to the
recent growth of macrophytes.

Lake User Issues
Although part of the inspiration for this study came from public
dissatisfaction of the recent nuisance growth, macrophytes are vital to healthy
lake systems. Macrophyes are essential to many food webs, as well as for fish
spawning habitat (Hoyman, 2010). Current public interest may lie in the control
of the abundant macrophyte species, but the Wisconsin DNR has long been
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interested in promoting the growth of macrophytes in the Winnebago system
(Hoyman, 2010). A consensus must be reached on what is best; the ideal state
of a lake for its animal inhabitants may not be the same as the ideal state for its
human users.

Future Directions
The use of this study as baseline data on the poorly understood
macrophyte communities of Lake Winnebago comes with the intention that
further research will be conducted on the topic. These data can serve as a
starting point for the investigation of the cause of growth, as well as the
documentation of what is growing, where, and in what abundances. Other
variables may be investigated as well such as nutrient content, or
documentation of wave action. For the investigation of the causes and effects
of increased water clarity, further study of zebra mussels would be useful. Data
such as that presented using GIS may also be extrapolated to predict the
effects of an even further increase in potential habitat area. The maximum
depth of Lake Winnebago is 6.4m or 21.0ft. Therefore; it is likely that if these
maximum depth of plant growth measurements would increase to deeper areas,
the area of the lake with potential for plant growth would increase very rapidly.
This would be an interesting direction to take on this project. There are many
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intertwining, but testable variables involved in this study, all of which can be
investigated more thoroughly in order to obtain a better understanding of the
macrophyte community ecology and the main contributing factors that are
driving the changes in this important lake ecosystem.
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Appendix

Values for the average rake fullness at sites shallower less than the
maximum depth of plant occurre nce in each bay.
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